We have successfully prepared the particle-size controlled H 2 Ti 12 O 25 by soft chemical synthetic technique using the ball-milled and annealed Na 2 Ti 3 O 7 as a starting compound. In this synthetic route, we first prepared the particlesize controlled Na 2 Ti 3 O 7 by ball-milling and subsequent annealing at 873-1073 K. 
Introduction
Titanium oxide-related materials, such as Li 4 [4] [5] [6] Because the particle-size of the precursor Na 2 Ti 6 O 13 was smaller than that of Na 2 Ti 3 O 7 , the final product H 2 Ti 12 O 25 sample synthesized from Na 2 Ti 6 O 13 showed smaller particle size than that synthesized from Na 2 Ti 3 O 7 and higher electrochemical performance. 7 This fact suggests that the electrochemical performance of H 2 Ti 12 O 25 depends on the morphology of starting compound, such as particle size and shape. In the present study, we synthesized particle-size controlled H 2 Ti 12 O 25 samples by ball-milling and subsequent annealing of starting Na 2 Ti 3 O 7 materials, and revealed the obtained particle properties and electrochemical properties.
Experimental
The precursor Na 2 Ti 3 O 7 was synthesized by a conventional solidstate reaction using a method similar to that reported previously. The phase purity and crystal structure of the sample was characterized using an X-ray diffractometer (XRD, RINT2550V, Rigaku Co.). The morphology of the sample was observed by scanning electron microscope (SEM, S-4300, Hitachi High-Tech. Co.). The particle sizes and distribution of the sample were measured by laser diffraction particle size analyzer (LA-950V2, Horiba Ltd.). The ion-exchanged water was used as a disperse medium, and the refractive indexes of the ion-exchanged water and sample were 1.33 and 2.20, respectively. The refractive index of the sample was estimated by maximization of particle size corresponding to 10% cumulative percentage on a volume basis, and the obtained particle size distribution was similar to that of SEM observation.
Charge and discharge properties of the sample were evaluated using CR2032 coin-type lithium half-cells, as previously reported. 1 The working electrode was prepared by mixing 5 mg of active material, 5 mg of acetylene black, and 1 mg of polytetrafluoroethylene (PTFE) powder (total 11 mg) and sequentially pressing the mixture onto an Al mesh with 15 mm-diameter under a pressure of 20 MPa. The prepared working electrode had roughly round shape with about 10 mm-diameter. The counter electrode was a Li foil. The separator was a microporous polypropylene sheet. A solution of 1 M LiPF 6 in a 50:50 mixture of ethylene carbonate (EC) and diethylcarbonate (DEC) by volume (Kishida Chemical Co., Ltd.) was used as the electrolyte. Cells were constructed in an argon-filled glove box, and electrochemical measurements were carried out at 298 K using a battery charge-discharge system (HJ-SD8, Hokuto Denko Co.) in the voltage range between 1.0 and 3.0 V after
The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.834 standing overnight under an open circuit condition. The cell was first charged (lithium inserted) to 1.0 V at the constant current density of 10 mA g ¹1 , then kept at 1.0 V for 2 h, so-called CCCV-charging mode, and then discharged (lithium extracted) to 3.0 V at the same current density, so-called CC-discharging mode. Figure 1 shows the XRD patterns of the obtained H 2 Ti 12 O 25 samples in the present study. All the samples were identified to be a single phase of H 2 Ti 12 O 25 , and no impurity phases could be observed. The atomic ratio of Na/Ti in the non-treated H 2 Ti 12 O 25 sample was determined to be 8.4 © 10 ¹4 by ICP-AES analysis, suggesting negligible quantity of the residual Na content. Figure 2 shows typical SEM images of non-treated H 2 Ti 12 O 25 and the particle-size controlled H 2 Ti 12 O 25 samples. The particle size of non-treated H 2 Ti 12 O 25 sample was estimated to be about 1-2 µm, and the particle morphology showed high crystallinity with smooth surface. On the other hand, the smaller particles having the particle size of about 0.2 µm were clearly observed in the HTO(BM-873K) and HTO(BM-973K) samples (Fig. 2b and 2c) . However, the needle-like larger particles were recovered in the HTO(BM-1073K) sample. These features of the particle size change were clearly confirmed by the particle-size distribution measurements, as shown in Fig. 3 . Singlet peak having a relatively sharp distribution was observed not only for non-treated H 2 Ti 12 O 25 sample but also HTO(BM-1073K) sample. The average particle size was determined to be 2.0 µm and 0.7 µm for non-treated H 2 Ti 12 O 25 and HTO(BM-1073K) samples, respectively. On the other hand, doublet peak having a relatively broad distribution was observed in HTO(BM-873K) and HTO(BM-973K) samples. The smaller particle size was estimated to be 0.1-0.3 µm (Fig. 3) . Figure 4 shows charge (Li insertion) and discharge (Li extraction) profiles of initial two cycles for the H 2 Ti 12 O 25 samples in the voltage range between 1.0 and 3.0 V at a constant current density of 10 mA g ¹1 at 298 K. The initial charge and discharge capacities of non-treated H 2 Ti 12 O 25 sample were 259 and 222 mAh g ¹1 , respectively, with the initial coulombic efficiency of 86%. These results were well consistent with the previous reports. 1, 7 On the other hand, the discharge capacities of the HTO(BM-873K), HTO(BM-973K) and HTO(BM-1073K) samples were 255, 246, and 234 mAh g ¹1 , respectively, which were much larger than that of nontreated H 2 Ti 12 O 25 sample. Moreover, the initial charge capacities of the HTO(BM-873K), HTO(BM-973K) and HTO(BM-1073K) samples at a constant current density of 220 mA g ¹1 at 298 K were 205, 201, and 194 mAh g ¹1 , respectively. These facts can be explained by the smaller particle size for these samples having an advantage in electrochemical lithium insertion and extraction reaction such as increasing utilizing efficiency of the powder. On the contrary, the initial coulombic efficiencies of these samples were 79%, 81%, and 84% for HTO(BM-873K), HTO(BM-973K), and HTO(BM-1073K) samples, respectively. This may be caused by additional electrochemical surface reaction to electrolytic solution during the initial charging stages because of the reactivity of smaller particles of less than 0.2 µm size, as shown in Fig. 3 , as well as increasing the specific surface area of the sample. Figure 5 shows the cycling performance for non-treated H 2 Ti 12 O 25 and the particle-size controlled H 2 Ti 12 O 25 samples in Electrochemistry, 83(10), 834-836 (2015) the voltage range between 1.0 and 3.0 V at a constant current density of 10 mA g ¹1 at 298 K. These cells delivered superior capacity retention properties. The discharge capacity retention rates (%) at 34th cycle ([discharge capacity at 34th cycle]/[discharge capacity at 1st cycle] © 100) of the particle-size controlled H 2 Ti 12 O 25 samples were 96.2%, 97.7%, and 99.1%, respectively. From these results, it is clearly revealed that the particle-size controlled H 2 Ti 12 O 25 sample showed excellent charge and discharge performance in comparison with the non-treated H 2 Ti 12 O 25 sample.
Results and Discussion

Conclusion
In summary, we have reported an improvement of electrode performance of the particle-size controlled H 2 Ti 12 O 25 using ballmilled and subsequent annealed Na 2 Ti 3 O 7 as a starting compound. The electrochemical Li insertion and extraction experiments revealed that thus obtained H 2 Ti 12 O 25 samples exhibited better electrode performance of the relatively higher discharge capacity over 250 mAh g ¹1 . The present study may suggest that it is very important to control the particle size and morphology of the H 2 Ti 12 O 25 sample for the purpose of further improvement of the electrode performance such as an initial coulombic efficiency. We are now trying to control the powder property of H 2 Ti 12 O 25 by using another milling process. Electrochemistry, 83(10), 834-836 (2015) 
